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Chapter 9

Summary, general discussion

and recommendations for future

research

9.1 Summary

In this thesis the role of treatment planning on the improvement of hyperthermia

is investigated for modern multi-ring phased-array loco-regional hyperthermia sys-

tems. The project was initiated following the introduction of a new hyperthermia

system, the AMC-8 system. This system, an eight channel 3D 70MHz phased-array

waveguide system, was clinically introduced in our department in 2006.

After a general introduction on hyperthermia treatment, chapter 2 provided a

technical introduction into treatment planning. In treatment planning a large se-

quence of modelling steps finally lead to a set of phases and amplitudes that are

predicted to result in optimal heating: a high thermal dose to the target without ex-

ceeding of the maximum tolerable temperature in the normal tissues. At the end of

this chapter an overview is given of the topics that are still open to research, sketch-

ing the complexity of reliable treatment planning.

In chapter 3, a comparison has been made between the 70MHz 2D single ring

AMC-4 system and the 70MHz 3D double ring AMC-8 system. The 3D steering

capabilities of the AMC-8 system allow for axial steering that can be used to correct

for axial shifts of the patient over a large range (−8cm,+8cm). The axial position of
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the patient should be known however or determined pre-treatment with an accuracy

of 1–2cm for both the AMC-4 as well as the AMC-8 system. The two rings of the

AMC-8 system can be shifted relative to each other, however this was not found to

be an effective optimization variable as no ring-to-ring distance led systematically to

optimal target heating. The gain in the volumetric temperature indices T90, T50, T10

was estimated to be 0.5◦C on average, but was showing large inter-patient variation.

The power needed to realize this gain was observed to reach up to 171% of the power

needed with the AMC-4 system. The consequences of this increase in absorbed total

power for the systemic temperature during treatment are presently unclear.

Chapter 4 addresses the problem of perfusion uncertainty. In order to convert the

absorption of electromagnetic power into an elevation of temperature, tissue perfu-

sion levels have to be accurately known. Perfusion is however the most variable

and uncertain parameter in this translation and can therefore be expected to have a

large impact on the accuracy of the phase and amplitude settings that are the result

of numerical optimization. Therefore, an important topic of discussion within the

hyperthermia (planning) community is whether for this reason optimization should

be limited to SAR- or power based optimization. This chapter advocates that this

does not solve the problem. By ignoring thermal effects such as contrast in the per-

fusion map, external cooling and conduction in power-density based optimisation,

temperature-based optimization is expected to show comparable reliability only at

very high levels of uncertainty. In the majority of all other cases, temperature-based

optimization will show better performance.

In chapter 5 uncertainty was studied in the scope of system design. Certain types

of uncertainty such as dielectric uncertainty may be expected to propagate into the

temperature distribution in a way that depends on the number of channels in the

phased-array system. It was shown that with an increasing number of channels the

impact of uncertainty on the optimization result indeed increased. However, in the

studied range (4 – 18 channels), the heating efficacy increased at an even larger rate

so that uncertainty was not a reason to limit the number of channels. It was found

however that, comparing a virtual 130MHz AMC-12 system to an 18 channel dipole

applicator, there is only a relevant gain for a selection of patients. Considering the

complexity of systems with 18 channels, the use of 12 channels was considered a

good compromise between heating efficacy and robustness. For the eight channel

AMC-8 system it was found that for all patients, taking uncertainty into account,

increasing the operating frequency from 70MHz to 130MHz led to improved heating

of the target.
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In chapter 6, general purpose computing on graphical processing units (GPUs)

was discussed. GPUs are large scale multi-core processors enabling order-of-magnitude

speed-ups at very low costs. All electromagnetic field and thermal calculations per-

formed in the previous chapters made use of this technique and could not have been

completed in a timely manner without GPU computing. For example, the calcula-

tions in chapter 5 would have taken two years or more when running on a single

CPU.

In chapter 7, the introduction of GPU computing at the Department was reported.

It concerned the porting of a ray tracing algorithm for radiotherapy dose calcula-

tions to enable GPU execution. The algorithm is parallel by nature as different rays

emitted by a source point can be traced completely independently. A variation on

Siddon’s algorithm was formulated that is efficient in terms of memory usage. The

implemented algorithm was compared in terms of efficiency and accuracy to a CPU

benchmark. Improved accuracy was observed and a speed-up of on average 6 times

compared to a parallel quad core CPU implementation. These developments have

led to the integration of the ray tracing algorithm in our current radiotherapy treat-

ment planning system.

In chapter 8, GPU FDTD calculations were used for another application, that of

RF safety evaluations in magnetic resonance imaging (MRI). There is a strong simi-

larity between hyperthermia and MRI: both modalities utilise arrays of RF applica-

tors positioned around the body. Tissue heating displays similar behaviour due to

fact that the operating frequencies are in a similar range. Contrary to the situation in

hyperthermia, in MRI heating due to time-varying fields is an unwanted side effect

that needs to be limited. Since there are no direct ways of measuring the electric

field distribution during image acquisition, numerical simulation is a useful tool to

estimate these fields for safety analysis.

9.2 General discussion

9.2.1 The role of treatment planning in clinical practice

The outcome of a hyperthermia treatment session is affected by a large number of

factors that will vary from treatment to treatment and from patient to patient. The

exact shape of the water boluses for example will be different with every treatment,

the same holds for the posture of the patient. For accurate treatment planning a

large amount of patient specific information needs to be gathered: the distribution
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of dielectric properties, tissue perfusion levels (which are time- and temperature de-

pendent) but also vascular information including geometrical and flow information.

Besides the work load that is associated with collecting this information, there are

still limited means to measure these patient specific parameters. In particular for the

temperature-dependent parameters, it is essential that these are measured during

hyperthermia which requires integration of the hyperthermia device and the rele-

vant imaging modality.

Although many advances have been made in treatment planning, e.g. fast mod-

elling at a high resolution is now feasible, essential information on how the perfu-

sion distribution changes in response to an elevation of the tissue temperature is still

missing. This and other challenges render it unlikely that hyperthermia treatment

planning will reach a stage where it is accurate enough to be used in a prescriptive

way. For this reason, the most essential requirement to realize high quality hyper-

thermia treatment is that treatment is performed by experienced operators. Possibly,

these operators can be supported in the future by computer simulations (see recom-

mendations for future research).

9.2.2 The role of treatment planning in system design

An alternative application of hyperthermia treatment planning is that of system de-

sign. In this application, a (small) population of patients is considered and for these

patients the performance of different (candidate) systems is compared. A systematic

improvement in performance found by numerical simulation is a strong indication

that thermal dose delivery can be enhanced. Besides, there are no practical alter-

natives for system design: prototyping and clinically evaluating every candidate

system is simply too expensive.

9.2.3 The role of treatment planning in education/training

Another valuable application of numerical simulation of hyperthermia treatment is

the education and training of (new) hyperthermicians or others involved with the

hyperthermia treatment. Visualizing power absorption or the temperature distri-

bution during hyperthermia gives an understanding of the spatial effects of phase

- amplitude steering. It also shows the amount of focussing that can be achieved

and can demonstrate the important differences observed between heating in homo-

geneous phantoms and heterogeneous patient geometries.
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9.3 Recommendations for future research

9.3.1 Modelling

As illustrated previously, measurement of patient specific dielectric and physiolog-

ical parameters is necessary for the development of patient models that are quanti-

tatively reliable. Experimental methods to measure these parameters exist and it is

obvious that the use and improvement of these methods ultimately improve the ac-

curacy of numerical simulation of hyperthermia. However, in particular for the tem-

perature dependent thermal parameters, measurements will have to be made during

hyperthermia treatment. For this to be feasible, significant efforts are required and

hence hyperthermia treatment will not benefit from this in the near future.

In this section two modelling aspects will be highlighted that can be addressed

already at this moment and both can be expected to have an important effect on the

predicted SAR and temperature distribution. The first one concerns the modelling

of water boluses, the second aspect concerns including tuning and matching in the

simulation procedure.

Bolus modelling

A large fraction of the complaints reported during hyperthermia is related to hot-

spots in the superficial tissues, often in the proximity of bolus edges. For this reason,

the accuracy of the bolus model will be an important factor that determines whether

this type of complaints can be correlated to simulations. Presently, the water bolus

is modelled as a “block” of water. This ignores two important characteristics of the

boluses in reality. First of all, the rectangular shape of the bolus at the edges is not

realistic. Second, because the water bolus is actually made up of separate boluses,

modelling the bolus as a block of water ignores that there are compartments. This is

expected to result in completely different resonance behaviour as was confirmed in

a set of preliminary simulations.

Improvements in the bolus model can be made by “applying a radius” to the

cranial and caudal ends of the boluses to get a more realistic description of the actual

shape.

To address the second issue, one water bolus that is present during the scan of

the patient (the bolus of the bottom waveguide(s)) can be segmented in the acquired

images. To model the other boluses, an algorithm that makes use of flood-filling or

(radial) expansion of an initial contour could be used. Although it is unlikely that
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such a model would represent the exact shape of the boluses, geometrically it will be

a much better approximation. Small modifications could be made to the bolus model

to asses how sensitive the power density or temperature distribution is to variations

of the bolus shape.

Tuning and matching

In the current waveguide model, a resistive source is placed in a slot in the monopole

present in the waveguide. This models the connection from an amplifier to the

waveguide with a matched transmission line. In reality however, a (double slug)

tuner is in between the amplifier and the waveguide.

If the tuning circuit is not included in the numerical model this can lead to a

power reflection level that varies between the waveguides in the phased-array setup.

This should be prevented since it causes a difference between the computed power

ratios and the power ratios that are actually delivered by the hyperthermia device.

This problem can be mitigated, resembling the practical situation, by introducing

a tuner in between the point of excitation and the waveguide. This means that the

simulation for a specific configuration is preceded by a tuning step. Since this tuning

step could by very time consuming, an alternative solution would be to compute the

input impedance of every waveguide and correct for the level of reflection by scaling

of the field amplitude.

9.3.2 Complaint-adaptive optimization

One possible approach to assist operators with computer simulations is by using

complaint-adaptive optimization (49). This approach initially uses treatment settings

that are determined from model-based optimization. Adjustment of these settings is

based on re-optimization that is performed when the patient reports a complaint.

When a complaint is reported, a set of region-specific weights is adjusted. These

weights can for example penalise the SAR in the different regions. Optimization af-

ter adjustment of the set of weights will lead to new phase and amplitudes settings

for which the average SAR in the (former) complaint region is lower (49). A similar

strategy can be formulated for temperature-based optimisation, e.g. by formulating

a region-specific constraint temperature. Alternatively, the initial settings could be

based on empirically established settings where re-optimization is based on redis-

tributing power absorption while conserving power absorption in the target.
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There are a number requirements for successful SAR-based complaint-adaptive

optimization.

• Numerical simulation needs to predict the average SAR within the defined

regions within reasonable accuracy. This requires extensive validation of the

applicator – patient model with heterogeneous, realistically shaped phantoms

(for example a cast of the pelvic region). This is important in order to have a

representative load of the applicator with realistic bolus – patient contact.

• The pre-defined regions should be sufficiently small so that the average SAR

and the hot-spot temperature show correlation. On the other hand, regions

should be sufficiently large so that ”diffuse” complaints can be assigned a sin-

gle corresponding region.

• A complaint registration system is needed that allows the user to select a com-

plaint type from a predefined list of possible complaints. Furthermore, the

location of the complaint, denoted by a pre-defined anatomical region, and the

system settings at the time of of the complaint need to be recorded. Finally, all

changes should be recorded between the time of the complaint and when the

complaint is succesfully mitigated.

The first item did receive limited attention so far in model validation. Most valida-

tion studies have used rectangular, cylindrical or elliptical phantoms. This ignores

important anatomical features, e.g. the increasing applicator distance when moving

from the abdomen towards the legs. This is particularly important for 3D phased-

array configurations. What region size satisfies the requirements formulated in the

second item will have to be determined clinically. This illustrates the importance of

the third item, a complete and semi-automated complaint registration system.

9.3.3 Design of new hyperthermia systems and image-guided hy-

perthermia

AMC-type phased-array waveguide systems

It was shown for the AMC-8 system that, on average, a 0.5◦C increase in T90, T50 and

T10 was predicted by HTP compared to the AMC-4 system. As a result of model pa-

rameter uncertainty this gain is however substantially reduced and it is questionable

whether it can be observed in a clinical setting.
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One important observation made in this study is that a large increase in thermal

dose is expected when the operating frequency is increased from 70MHz to 130MHz.

This increase was found to be robust under model parameter uncertainty.

For this reason, it is strongly recommended that a new AMC-type phased-array

waveguide system will be operated at 130MHz. Based on the earlier presented re-

sults a system with 12 channels (three rings) would be a good compromise between

heating efficacy and complexity.

Image-guided hyperthermia

During hyperthermia, only very limited information is available about the temper-

ature distribution, tissue perfusion levels and the exact dielectric properties within

the heated volume. This has several consequences.

First of all, it complicates thermal dosimetry and establishing thermal dose – ef-

fect relations from clinical trials. Since temperature is measured in a limited number

of measurement points, the statistical measures that are computed from these data

(T90, T50 and T10) can represent a whole range of thermal doses delivered to the

target. This holds especially for tumours with heterogeneous perfusion, which is a

common characteristic.

Second, without simultaneous measurement of perfusion and temperature dur-

ing hyperthermia, the relation between perfusion and temperature can not be estab-

lished.

Finally, without volumetric temperature information it is not possible to validate

numerical simulations and to correct for modelling errors by e.g. parameter fitting.

These arguments emphasize that, from a technological point-of-view, the devel-

opment and implementation of image-guided hyperthermia treatment are essential

to overcome these problems. This will ultimately enable thermal dosimetry, im-

proved insights on thermo-regulation and finally, modelling that will be based on

measured physiological and dielectric parameters.

The most appropriate imaging modality for this purpose is MRI. So far, MRI

guided hyperthermia was realized by constructing an MRI compatible hyperther-

mia applicator. Other proposed systems that are yet to be realised, make use of the

MRI transmit coils to generate heat. For a 3T scanner the operating frequency is

128MHz and this frequency is very suitable for loco-regional hyperthermia. The ad-

ditional advantage of this approach is that the B+
1 field can be measured. This offers

possibilities to validate the EM computations in the simulation process.




